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ABSTRACT OF THE DISCLOSURE

Methods and compositions for providing inorganic catalysts displayed on the
surface of biological particles such as a cell or virion are described. In an exemplary
embodiment the biological particle is a yeast cell including one or more receptor proteins
uniformly displayed on the surface of the yeast Saccharomyces cerevisiae. Each receptor
protein is anchored to a ligand that is selective for that protein, and each ligand 1s, 1n turn,
bound to a catalyst. Other contemplated embodiments include where the biological
particles are other yeasts, bacterial cells or virions where a protein may be displayed on

the surface and linked to a ligand that binds the inorganic catalyst.
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USE OF SURFACE DISPLAY PROTEINS TO DISPLAY INORGANIC CATALYSTS
ON THE SURFACE OF A YEAST, BACETERIUM OR VIRION

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to the use of surface display technology as a uniform
catalyst support for synthetic catalysts. Catalyst supports of the invention include
uniform layers of catalyst on their surface, allowing catalysis with properties of
homogeneous catalysts, while still allowing efficient separation and recycling of the

catalyst. Although a variety of biological supports are taught herein, yeast cell-supported

catalysts are particularly preferred.

2. Background
A. Cell Surface Displays

[0002] A number of microorganisms and virions may be engineered so that proteins are
genetically displayed on their surface. The yeast Saccharomyces cerevisiae is often used
for this process. A number of methods, structures, and applications of yeast cell-surface
display have been reported. Kondo, A., and Ueda, M., "Yeast Cell-Surface Display -

Applications of Molecular Display," Appl. Microbiol. Biotechnol. 64:28-40 (2004); Ueda,

M. & Tanaka, A., "Cell Surface Engineering of Yeast: Construction of Arming Yeast

with Biocatalyst" J Biosci. and Bioeng. 90(2): 125-136 (2000).

[0003] Boder and Wittrup report that S. cerevisiae 1s ideal for cell surface display of
proteins, because S. cerevisiae possesses both secretory machinery and protein folding
mechanisms that are similar to those of mammalian cells. (Boder, E.T. & Wittrup, D.K.,
"Yeast Surface Display for Screening Combinatorial Polypeptide Libraries," Nature

Biotech. 15:553-557 (1997)). Other benefits include large numbers of surface fusions per
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cell and the ability to test the cells using flow cytometry. (Boder, ef al.). Yeast cells may
display proteins of differing stability and expression level, as reported by Park, et al.,

"Limitations of Yeast Surface Display in Engineering Proteins of High Thermostability,”

PEDS, 19(5): 211-217 (2006).

[0004] Yeast cell surface display technology is further reported in U.S. Patent No.
6,423,538, to Wittrup, ef al., "Yeast Cell Surface Display of Proteins and Uses Thereof."
Wittrup, et al., reports a genetic method for anchoring polypeptides to a yeast cell wall.
U.S. Patent No. 6,300,063, to Kieke, ef al., "Yeast Cell Surface Display of Proteins and
Uses Thereot," reports a method for the fusion of the N-terminus of a "polypeptide of

interest” to the C-terminus of the yeast Aga2p cell wall protein.

[0005] Kieke's method may purportedly be used for anchoring an sckFv antibody fragment
to exterior of the yeast cell wall. Yeast cell surface display has also been reported for use
in antibody epitope mapping. Chao, ef al., "Fine Epitope Mapping of Anti-Epidermal
Growth Factor Receptor Antibodies Through Random Mutagenesis and Yeast Surface
Display," J Mol. Biol., 342(2): 539-550 (2004); see also Colby, et al., "Development of

a Human Light Chain Variable Domain (V) Intracellular Antibody Specific for the
Amino Terminus of Huntingtin via Yeast Surface Display," J. Molec. Biol. 342(3): 901-
912 (2004); Min L1, "Applications of Display Technology in Protein Analysis," Nature
Biotech. 18:1251-1256 (2000); Feldhaus, M.J. & Siegel, R.W., "Yeast Display of
Antibody Fragments: A Discovery and Characterization Platform," J. Immunol. Methods

290(1-2): 69-80 (2004); Weaver-Feldhaus, ef al., "Directed Evolution for the

Development of Conformation-Specific Affinity Reagents using Yeast Display” 18(11):
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527-536 (2005); Little, et al., "Bacterial Surface Presentation of Proteins and Peptides:

An Alternative to Phage Technology?" Trends in Biotechnology 11 (1993).

[0006] Cell surface display has also reportedly been used for absorption of environmental
metals. Wernerus, H. & Stahl, S., "Biotechnological Applications for Surface-
Engineered Bacteria" Biotechnol. Appl. Biochem. 40:209-228 (2004). Cell surface
display has also reportedly been used to bind eukaryotic cell display libraries to solid
surfaces. Peelle, et al., U.S. Pat. Appl'n No. US2006/0003387, "Cell Display Libraries";
Andres, ef al., "Immobilization of Saccharomyces cerevisiae Cells to Protein G-
Sepharose by Cell Wall Engineering" J. Mol. Microbiol. & Biotech. 5(3) 161-166 (2003).
Expression of the ZZ domain from Staphylococcus aureus, which binds to the Fc part of
immunoglobulin G (IgG) has also been reported. Shimojyo, ef al., "Preparation of Y east

Strains Displaying IgG Binding Domain ZZ and Enhanced green Fluorescent Protein for

Novel Antigen Detection Systems" J. Biosci & Bioeng. 96(5):493-495 (2003).

[0007] Kondo reports that yeast cell surface display has been used for biocatalysis;
however, Kondo's biocatalysts have a number of disadvantages that hinder their general
applicability. For example, the biocatalysts are bound directly to the surface of the yeast
cell. Such catalysts may not be interchanged for other catalysts as the need arises, and
familial yeast lines are limited to a single biocatalyst configuration. Furthermore,
biocatalyst that is adsorbed to an unwanted target is difficult or impossible to remove or
separate from a cell without irrevocably damaging the cell. Biocatalysts are also

traditionally limited to those catalysts that may be expressed directly on the cell surface,

such as protein molecules or enzymes.
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[0008] Cell surface display using microorganisms other than yeast has also been
reported. For example, Wang, ef al., "Specific Adhesion to Cellulose and Hydrolysis of
Organophosphate Nerve Agents by a Genetically Engineered Escherichia coli Strain with
a Surface-Expressed Cellulose-Binding Domain and Organophosphorus Hydrolase," 4pp.
and Env. Microbiol. 68(4): 1684-1689 (2002), reports degradation of parathion and
paraoxon using a strain of E. coli displaying organophosphorus hydrolase (OPH) and a
cellulose-binding domain. The OPH was expressed on the cell surface using the

Lpp-OmpA fusion system or the truncated ice nucleation protein anchor.

B. Catalyst Supports
[0009] There is a need for catalyst supports that are uniform in size and that have the
catalyst distributed evenly over the surface of the catalyst support. Unitorm supports
offer a number of advantages, including minimizing the effects of diffusion and
differences between catalyst sites. Catalyst supports may also aid in convenient handling

of some catalysts.

[0010] One example of generally uniform inorganic catalyst supports may be found in
United States Patent Application Publication No. 2006/0009354, to Yueng, ef al. The

'354 publication reports a catalytic material comprising a metal catalyst anchored to a
metal oxide crystal. The metal catalyst is anchored to the surface of the metal oxide by

interacting with a hydroxyl group on the surface of the metal oxide.

[0011] Catalysts such as those reported in the '354 publication have a number of
disadvantages. For example, they may be unsuitable for organic use. Furthermore, they

may allow only the use of metal catalysts. Their production may also be expensive, and
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their construction may make catalyst regeneration difficult. Each support may be limited

to a single catalyst.

[0012] Embodiments of the invention provide catalysts and catalyst supports that may
address one or more of the above disadvantages of the prior art. Methods of construction,

use, and regeneration of those catalysts are also provided.

SUMMARY OF THE INVENTION

[0013] The present invention provides a catalytic material comprising one or more
receptor proteins disposed from the surface of a biological support. In a typical
embodiment, the receptor proteins are disposed uniformly over the surface of the
biological support. The receptor proteins may be identical proteins, or they may be
different proteins. Each receptor protein is linked to an anchoring protein that is engaged

with surface of the biological support.

[0014] In a typical practice, the receptor protein is linked to the anchoring protein in the
form of a fusion protein, whereby amino acids of the anchoring protein domain are linked

as a continuous polypeptide sequence with amino acids of the receptor protein, thereby

forming a heterologous fusion protein having an anchoring domain from the anchoring
protein and ligand binding domain from the receptor protein. The anchoring domain
may engage the surface of the biological support by binding to, being adsorbed within, or
being cross-linked to, other proteins or carbohydrates disposed on the surface of the
biological support. Typically, when the biological support 1s a cell, the anchoring
domain is embedded in the outer membrane of the cell or binds to a cell wall protein or

carbohydrate. Depending on the anchoring protein used, the anchoring domain may be
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partly disposed within the surface of the biological support, for example in the form of a
peripheral membrane protein, or may extend through the biological support surface, for

example, in the form of an integral membrane protein. Each receptor protein contains a
ligand binding domain that is further bound to a ligand, and each ligand in turn is bound
to a catalyst. Receptor-ligand binding and ligand-catalyst binding may be accomplished

by covalent (e.g. chemical cross-linking) or non-covalent binding

[0015]} The invention further provides a catalyst support system comprising one or more

receptor proteins displayed on the surface of a biological support. The receptor proteins

are thereby typically displayed uniformly over the surface. The receptor proteins may be
1dentical proteins or different proteins. The receptor proteins are selected to bind to a

selected ligand, which in turn is selected to bind to a selected catalyst to be supported.

[0016] The invention also provides a method for making a catalytic material and/or a
catalyst support system as described above. One or more receptor proteins are expressed
as fusion proteins with anchoring proteins and distributed about the surface of a
biological support. In one embodiment the proteins are identical proteins, and in another
embodiment they are one or more different proteins. In one embodiment the proteins are
displayed umiformly about the surface of a biological support, forming a catalyst support
material. One or more catalyst molecules are bound to respective ligands to form
ligand/catalyst constructs. The ligands are designed or chosen to selectively bind or be
cross-linked to the binding domain of the receptor proteins, referred to herein as
"tethering". The ligand/catalyst constructs and the biological supports displaying the
receptor protein(s) are mixed, allowing the ligand/catalyst constructs to be tethered to the

receptor proteins, forming a catalytic material.
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[0017] Biological supports may be selected from, for example, virions and
microorganisms. Microorganisms may be, for example, bacteria or yeasts. Bacteria may
be, for example, from the genus Escherichia, Corynebacterium, Bacillus, or Lactococcus.
Escherichia coli is a preferred bacterium. Yeasts for use in the invention may include
those, for example, from the genus Saccharomyces, Pichia or Candida. A preferred yeast

1S Saccharomyces cerevisiae.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
[0018] Figure 1 schematically depicts a two-dimensional view of a single yeast cell

surface display catalyst system of the invention.

[0019] Figure 2 shows yeast cell surface display systems using A a-agglutinin (SEQ 1D
NO: 1), B a-agglutinin (SEQ ID NO: 2), C C-terminus region of Flolp (SEQ ID NO: 3),
and D N-terminus flocculation function domain of Flolp (SEQ ID NO: 3). (Kondo,
supra.; and van der Vaart, J. M., et al., "Comparison of Cell Wall Proteins of

Saccharomyces cerevisiae as anchors for Cell Surface Expression of Heterologous

Proteins," App. & Env. Microbiol. 63(2): 615-620 (1997)).

[0020] Figure 3 shows a catalytic support material comprising a yeast cell and one or

more of receptor proteins exhibited on the surface of the yeast cell.

[0021] Figure 4 shows plasmid pCT302 (Boder & Wittrup), which may be used to

express a receptor protein as a fusion to the yeast Aga2p agglutinin mating protein under
the control of the GAL1,10 galactose-inducible promoter. The N-terminal flanking
sequence of pCT302 is shown as SEQ ID NO: 4, and the C-terminal flanking sequence 1s

shown as SEQ ID NO: 5.
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[0022] Figure 5 shows a map of plasmid pYD1 (SEQ ID NO: 6), which 1s 5009

nucleotides available from InVitrogen Life Technologies (Grand Island NY). The
enumerated positions for the relevant elements are as follows: GAL1 promoter (1-451);
T7 promoter (475-494); AGA2 ORF (534-794); pYD1 forward priming site (751-770);
Gly/Ser linker (507-857); Xpress ™ epitope (891-914); multiple cloning site ((914-992);
V5 epitope (993-1034); polyshistidine region (1044-1061); pYD1 reverse primer site
(1114-1098); Mat transcription termination region (1385-1098); TRP1 ORF (2107-1433);
CEN6/ARS4 (2797-2282); Amp resistance gene ORF (2931-3791); pUC origin (3936-

4609).
[0023] Figure 6 shows the polylinker of plasmid pYD1 (SEQ ID NO: 7).

[0024] Figures 7a-i show a restriction map of plasmid pYD]1.

DETAILED DESCRIPTION OF THE INVENTION

[0025] The description that follows makes citation to various references that may aid one
of ordinary skill in the art to understand or practice various aspects of the present
invention. Citation to such references is intended as a short-hand method to direct the
skilled person to more detailed techniques and example materials and systems ot the prior
art that may be used to practice the present invention. Citation of a reference herein 1s

not an admission that such a reference constitutes prior art for any determination of

patentability.

[0026] As used herein, the singular forms "an," "a," and "the" used in the specification
and claims include both singular and plural unless the content clearly dictates otherwise.
In particular, those skilled in the art will recognize that while design and creation of

catalytic materials and catalytic supports are described in terms of a single cell or other
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biological support, more effective systems will include one or more cells or biological

supports each expressing one or more receptor proteins.

[0027] As used herein, the term "anchoring protein" means a polypeptide sequence
having an amino acid sequence domain, or combination of domains, that function(s) to
engage the polypeptide with the surface of a biological particle, such as a cell, virus or
virion shell. The polypeptide sequence need not, and typically does not, embody an
entire protein as it would occur naturally in nature, but rather need only include a
fragment or fragments of such proteins carrying a sufficient amount of the amino acid
sequence as necessary to provide the anchoring domains. It is understood by one of skill
in the art, that in certain cases, anchoring domains may include two or more contiguous
sequences of amino acids that engage within a membrane of a cell separated by one or
more contiguous sequences that do not engage with the membrane. In such cases, only
the domains that engage with membrane and are necessary to provide the anchoring
function need be included, while the amino acid sequences that do not engage with the
membrane may be deleted altogether, or replaced by sequences that are heterologous to

the naturally occurring protein.

[0028] One aspect of the invention provides a catalytic support material including a
biological support that displays one or more receptor proteins on the biological support
surface. This catalytic support provides uniform availability to catalysts bound to a

ligand that will be tethered to a receptor protein. These catalysts may be organic or
inorganic. Unlike prior art surface display catalysis technology, the catalysts are not
limited to enzymes or proteins that can be fused to natural anchoring proteins and

expressed by the biological support.
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[0029] In one embodiment, the catalytic support material comprises a yeast cell and one
or more receptor proteins displayed on the surface of the yeast cell, as represented by
Figure 3. The receptor proteins are anchored to the surface of the cell by fusion to
proteins that anchor to the cell wall by operation of native yeast cell mechanisms. For
example, the agglutinin system and the flocculin system are well known to those skilled
in the art and may be used in embodiments of the invention. Anchoring may be
accomplished, for example, by creation of fusion proteins in which (1) the receptor
proteins are fused to the C-terminal half of an a-agglutinin construct; (2) the receptor
proteins are fused to the N-terminal half of an a-agglutinin construct; (3) the receptor
proteins are fused to the C-terminal region of Flo1p; or (4) the receptor proteins are fused
to the flocculation functional domain of Flolp. Possible receptor proteins include avidin

(SEQ ID NO: 26), a cellulose binding domain, a lectin, and antibody binding domains.

[0030] In one embodiment of the invention, the receptor proteins are introduced to the
yeast cell by expression of one or more genes that have either been added to the yeast cell
or added to a parent of the yeast cell. Genes may be added, for example, by

transformation using lithium salts, spheroplasts, a gene gun, or electroporation.

[0031] Methods of making catalytic support materials are also provided herein. In one
embodiment of the invention, a biological support expresses a receptor protein fused to a
native yeast protein that is exported to the outer membrane of the yeast cell. One or more
receptor proteins are displayed about the surface of the yeast cell. The receptor proteins
may be identical proteins or they may be different proteins. The receptor proteins may be

distributed uniformly about the surface of the yeast cell. The receptor proteins will bind

10
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to ligands that may be attached to catalysts to be supported by the catalyst support

systems.

[0032] In a further embodiment the invention includes a catalytic material. The catalytic
material includes an organic or an inorganic catalyst bound to a ligand, which 1s in turn
tethered to a receptor protein on a yeast catalytic support material as described herein. A
catalytic material of the invention 1s shown in two-dimensional view in Figure 1. The
catalyst forms a mono-layer on the yeast cell surtace. This gives the properties of
homogeneous catalysis, yet still allows etficient separation and ready recycling of the

catalyst.

[. Cells and Other Biological Supports

[0033] A variety of biological cells are suitable for use in embodiments of the invention.
Those skilled in the art will recognize that many strains of microorganisms are suitable
for use in embodiments of the invention. Strains of yeast are preferred. Strains of the
yeast Saccharomyces cerevisiae are particularly suitable in embodiments of the
invention, in part because their genome has been extensively studied, and because they

enjoy GRAS ("Generally Regarded As Safe") status with the Food and Drug
Administration. Saccharomyces cerevisiae 1s recognized as a model eukaryote capable of

rapid growth and with a versatile DNA transformation system.

[0034] Background information and exemplary methods and media for growing, testing

and preserving yeast in general and S. cerevisiae in particular may be tound, for example,
in Sherman, F., "Getting Started with Yeast," Dept. of Biochem. and Biophysics, Univ. of
Rochester Med. Sch. (August 2003) (adapted from Sherman, F., "Getting Started with

Yeast," Methods Enzymol., 350:3-41 (2002) (hereinafter "Sherman (I)"); and in Sherman,

11
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F., "An Introduction to the Genetics and Molecular Biology of the Yeast Saccharomyces

cerevisiae,”" Dept. of Biochem. and Biophysics, Univ. of Rochester Med. Sch. (1998)
(modified from Sherman, F., "Yeast Genetics," The Encyclopedia of Molecular Biology
and Molecular Medicine," 6:302-325 (edited by R.A. Meyers, Weinheim, Germany,
1997); and Burke, D., et al., "Methods in Yeast Genetics: A Cold Spring Harbor
Laboratory Course Manual" (Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
New York, 2000); Colby, ef al. "Engineering Antibody Affinity by Yeast Surface

Display" Methods Enzymol. 388:348-58 (2004).

[0035] Some non-yeast microorganisms and virions also have display mechanisms that
have been studied and that may be useful in embodiments of the invention. For example,
Escherichia coli may be used for surface display of enzymes with the aid of a PgsA
anchor. Narita, ef al., "Display of Active Enzymes on the Cell Surface of Escherichia
coli using PgsA Anchor Protein and Their Application to Bioconversion," Appl.
Microbiol. Biotechnol. (2005). Display of lipase using fadL as an anchor has been
reported. Lee, S.H., er al., "Display of Bacterial Lipase on the Escherichia coli Cell

Surface by Using FadL as an Anchoring Motif and Use of the Enzyme in

Enantioselective Biocatalysis" Appl. & Env. Microbiol. 70(9): 5074-80 (2004). Cell
surface display of proteins on Lactococcus lactis has also been reported. Steidler, et al.,

"Functional Display of a Heterologous Protein on the Surface of Lactococcus lactis by

Means of the Cell Wall Anchor of Staphylococcus aureus Protein A" Appl. & Env.

Microbiol. 64(1): 342-345 (1993).

[0036] In other embodiments, the biological support can be a virion. Virions may be

eukaryotic viruses or bacteriophages, either as complete virion particles, or as so called

12
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“naked” virions, which are viral particles devoid of the viral genome. Suitable eukaryotic
viruses include those commonly used for genetic engineering purposes, including, for
example, baculovirus, adenoviruses, adeno-associated viruses and retroviruses .
Similarly, suitable bacteriophages include, for example, A phage (Lysogen), T4 phage,
T7 phage, R17 phage, M13 phage, MS2 phage, G4 phage, P1 phage, P2 phage, N4
phage, 6 phage, and $29 phage. The filamentous phage of the M 13, including but not
limited to M 13, td, and {1, are preferred. Methods of displaying receptors on the surface
of bacteriphages are well known 1n the art. Phage display is reported, for example, in
Willats, W.G.T., "Phage Display: practicalities and prospects," Plant Mol. Biol. 50: 873-
>4 (2002); Bass, et al., "Hormone Phage: An Enrichment Method for Variant Proteins
with Altered Binding Properties," Proteins: Structure, Function, and Genetics, 8:309-
314 (1990); and Zucconi, et al., "Selection of Ligands by Panning of Domain Libraries
Displayed on Phage Lambda Reveals New Potential Partners of Synaptojanin 1," J. Mol
Biol. 307: 1329-1339 (2001). Creation and use of avidin-displaying Baculovirus is
reported by Réty, ef al., "Enhanced Gene Delivery by Avidin-Displaying Baculovirus”
Mol. Therapy 9(2):282-291 (2004). Surface display using bacteriophage T7 1s reported in

the "T7 Select® System Manual," TB178 Rev.B0203, copyright 2003 by Novagen, Inc.

II. Anchoring Proteins

[0037] Those skilled 1n the art will recognize that a variety of anchoring proteins may be
used 1n embodiments of the invention. Ideally, anchoring proteins will not be essential to
cellular functions or structures, thereby avoiding growth defects or functional issue with

the cell or other biological support. Lee, ef al., "Microbial Cell-Surface Display" Trends

13



CA 02666336 2013-02-19

in Biotech. 21(1): 45-52 (2003). Lee, et al. reports beneficial characteristics of anchoring

proteins:

[0038] A successful carrier should meet the following four requirements: it
should have an efficient signal peptide or transporting signal to allow premature
fusion protein to go through the inner membrane; it should have strain anchoring
structure to keep fusion proteins on the cell surface without detachment; it should
be compatible with the foreign sequences to be inserted or fused (1.e. the carrier
should not become unstable on the insertion or fusion of heterologous sequences);
and it should be resistant to attack by proteases present in the periplasmic space or

medium.

[0039] Boder and Wittrup (supra) report two cell-surface receptors that may be fused to
proteins of interest and anchored to the cell wall. These receptors, a-agglutinin and a-

agglutinin, are normally used by the yeast to enable cell tusion prior to diploid formation.

[0040] Boder and Wittrup report using a-agglutinin in the development of yeast cell
surface display of a functional antifluorescein scFv and c-myc epitope tag on the cell wall
of S. cerevisiae. They claim that this was accomplished by C-terminal fusion of the

protein of interest to the Aga2 protein (SEQ ID NO: 8). The AgaZ2 protein 1s linked to the

Agal protein subunit (SEQ ID NO: 2) by disulfide bonds. In turn, the Agal subunit is
anchored to the cell wall by B-glucan covalent bonding. Boder and Wittrup further report

construction of a vector in which the Aga2-scFv fusion 1s placed under the control of the

inducible GAL1 promoter (SEQ ID NO: 9). A nucleic acid sequence encoding the Agal

protein is given in SEQ ID NO: 10. A nucleic acid sequence encoding the Aga2 protein

14
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1s given in SEQ ID NO: 11. A nucleic acid sequence encoding an a-agglutinin gene

(sagl) 1s reported in SEQ ID NO: 12.

[0041] A number of methods for anchoring these proteins have been described, as shown
in Figure 1. These methods include glycosylphosphatidylinositol (GPI) anchor
attachment of the C-terminal half of a-agglutinin, GPI anchor attachment of the N-
terminal half of a-agglutinin (combined with sulfur bonding to the C-terminal portion),
GPI anchoring of the C-terminal region of flocculin Flo1p, and N-terminal anchoring of
flocculin Flo1p (without GPI anchoring). The GPI anchor length of the C-terminal
region of tlocculin Flolp (SEQ ID NO: 3) may have a length, for example, of 42, 102,
146, 318, 428, and 1326 amino acids. Flolp is encoded by, for example, the nucleic acid
sequence of SEQ ID NO: 13. GPI anchors, which have a conserved core structure of
protein-CO-NH-CH,-CH,-PO4-6-mannose (Man)a1,2-Man-o1,6-Man-a1,4-GlcN-o.1,6-
inositol-PO4-lipid, are discussed in Newman, ef al., "Gpil9, the Saccharomyces
cerevisiae Homologue of Mammalian PIG-P, Is a Subunit of the Initial Enzyme for
Glycosylphosphatidylinositol Anchor Biosynthesis," Eukaryotic Cell, 4(11): 1801-1807

(2005); Eisenhaber, ef al., "Enzymes and Auxiliary Factors for GPI Lipid Anchor
Biosynthesis and Post-translational Transfer to Proteins," BioEssays, 25: 367-385 (2003);
Kinoshita, T. & Inoue, N., "Dissecting and Manipulating the Pathway for

Glycosylphosphatidylinositol-anchor Biosynthesis,”" Curr. Opin. Chem. Biol. 4. 632-638

(2000); McConville, M.J. & Menon, A.K., "Recent Developments in the Cell Biology
and Biochemistry of Glycosylphosphatidylinositol Lipids," Mol. Membr. Biol. 17: 1-17

(2000); Orlean, P., "Biogenesis of Yeast Wall and Surface Components,” p. 229-362, ir

Pringle, et al. (eds.), "Molecular and Cellular Biology of the Yeast Saccharomyces

15
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cerevisiae" Cold Spring Harbor Press, Cold Spring Harbor, N.Y.; and Tiede, ef al.,

"Biosynthesis of Glycosylphosphatidylinositols in Mammals and Unicellular Microbes,"

Biol. Chem. 380:503-523. (1999).

[0042] Other anchoring proteins useful in yeast cells may be used in embodiments of the
invention. These include, for example, but are not limited to, C-terminal end fragments
of Cwplp (SEQ ID NO: 14), encoded, for example, by the nucleic acid sequence of SEQ
ID NO: 21; Cwp2p (SEQ ID NO: 135), encoded, for example, by the nucleic acid
sequence of SEQ ID NO: 22; Tiplp (SEQ ID NO: 16), encoded, for example, by the
nucleic acid sequence of SEQ ID NO: 23; Tirlp (SEQ ID NO: 17), encoded, for
example, by the nucleic acid sequence of SEQ ID NO: 24; Sed1p (SEQ ID NO: 18),
encoded, for example, by the nucleic acid sequence of SEQ ID NO: 38; YCR89-313
(SEQ ID NO:19), which 1s a fragment of YCR89 (SEQ ID NO: 25); YCR89-744 (SEQ
ID NO:20), Flolp-344, and Flo1p-596. Methods for use of these anchoring proteins and
their efficacy are reported in van der Vaart, J. M., ef al., "Comparison of Cell Wall

Proteins of Saccharomyces cerevisiae as anchors for Cell Surface Expression of

Heterologous Proteins," App. & Env. Microbiol. 63(2): 615-620 (1997).

11I. Receptor Proteins

[0043] A wide range of proteins have been reportedly displayed on cell surfaces. These
proteins may be displayed outside the cell either by extension through the cell's plasma

membrane or by covalent or noncovalent interactions with the cell membrane surface.
Typically, yeast cells are armed by expressing a protein on the surface of the cell by
fusing the protein with one of the anchoring proteins described above. Although it is not

necessary, ideally a gene encoding the fused proteins may be incorporated into the
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genome of the yeast cell. This incorporation may be accomplished by methods known to
those skilled in the art. For example, the yeast cell may be transformed using lithium salt

methods, integrative replicative vectors, spheroplasts, a "gene gun," or electroporation.

[0044] According to Kondo, supra, proteins that have reportedly been displayed on the
surface of yeast cells using a-agglutinin bonding include RAizopus oryzae glucoamylase,
Bacillus stearothermophilus o-amylase, Aspergillus aculeatus 3-glucosidase,
Trichoderma reesei endoglucanase, Rhizopus oryzae lipase, and Aequorea victoria GFP
(including BFP, ECFP, EYFP, Apoaequorin, Hexa-His, ZZ, and Fab fragment of
antibody). Proteins displayed using the a-Agglutinin system include single-chain
antibodies and single-chain T-cell receptors. Proteins displayed using the C-terminus
region of Flo1p include Rhizopus oryzae glucoamylase and EGFP. Proteins displayed
using the flocculation functional domain of Flo1p include Rhizopus oryzae lipase and

EGFP. Those skilled in the art will, with the benefit of this disclosure, recognize other

proteins that may be displayed.

[0045] The identity of a suitable binding ligand will vary depending on the receptor

protein exhibited by the catalytic support material. For example, 1t the catalyst support

displays a lectin, an organic catalyst may be modified so that a glycan that bonds with

that lectin 1s attached to a side chain on the catalyst.

[0046] The catalyst support may also display one member of an antigen antibody binding

pair. The term “antibody” is used herein in the broadest scope to include any protein
molecule having a variable region and a constant region where the variable region binds
an antigen. Thus, the term antibody includes ScFv molecules of the IgG, IgM, and IgA

class, single chain T-cell receptor molecules, as well as multi chain versions of the same
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linked by disulfide bonds. When the catalyst support includes an anchoring protein fused
to an antibody, the antibody is preferably a ScFv. , and in most such cases, the ligand
will be the corresponding antigen. The antigen will include at least the epitope tag that
binds the antibody, and may also contain one or more non epitope regions that can be
used to tether the ligand or ligand catalyst pair. Kieke, ef al. reports a number of
polypeptide sequences that can be used as epitope tags. The proteins reported by Kieke
can be fused to surface proteins and bound by antibodies. With the advantage of the
disclosure herein, one skilled in the art would note that the antibodies of Kieke could be

bound to catalysts and, in turn, tethered to a cell surface that displays those epitope tags.

[0047] Those skilled 1n the art will contemplate other receptor/ligand combinations that
may be suitable for use in the invention. These include, for example avidin/biotin and

streptavidin/biotin combinations.

[0048] A yeast cell expressing a receptor protein could serve as a catalytic support
material for any catalyst that could be bound to the ligand designated to bind to the
displayed receptor protein. A single yeast line could therefore be used to support, in turn,

multiple catalysts.

Biotin/Avidin Interaction

[0049] In a preferred embodiment, biotin/avidin binding 1s used to tether the catalyst to
the receptor protein. Biotin/streptavidin binding may also be used. These may be

accomplished, for example, by displaying avidin or streptavidin on the surface of a yeast
cell as the receptor protein and binding biotin to the catalyst. The cell and the catalyst are
mixed, and the strong biotin/avidin or biotin/streptavidin binding interaction tethers the

catalyst to the cell.
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[0050] The biotin/avidin interaction has been extensively studied, as have the procedures

and reagents needed for biotinylation. Biotin/avidin chemistry and biotin/streptavidin
chemistry, including reagents and methods for biotinylation as well as detection of
biotinylated molecules, is discussed in M. D. Savage, et al., "Avidin-Biotin Chemistry:
A Handbook" (Pierce Chemical Co., 1992). Creation of metalloenzymes using
biotinylated metal catalysts incorporated with streptavidin is reported in Skander, et al.,
"Chemical Optimization of Artificial Metalloenzymes Based on the Biotin-Avidin

Technology: (S)-selective and Solvent-tolerant Hydrogenation Catalysts via the

Introduction of Chiral Amino Acid Spacers" Chem. Commun., 4815-4817 (2005).

[0051] Biotinylation of proteins (both antigens and antibodies) 1s used extensively in
ELISA/EIA procedures. This extensive use provides a library of methods and reagents
for those skilled in the art to determine how to best biotinylate a molecule. With the
benefit of this disclosure, those skills may be used to biotinylate catalysts to be tethered
to yeast cells. For example, Alpha Diagnostic International reports the tollowing
reagents and methods for biotinylation of a protein using long-arm biotin
(Aminohexanoyl-biotin N-hydroxysuccinimide). The ADI biotinylation requires at least
one free amino group on the biotinylated protein, and ideally the protein 1s free of amine-

containing buffers (such as Tris) to improve coupling efficiency:

[0052] Reagents Provided in the ADI Kit:

1. 1 vial of Biotin (10 mg; Cat # 80301)

2. Conjugation Buffer, pH, 8.4, 100 ml, Cat # 80302

3. Stabilizing Buffer; 5 ml., Cat # 80303
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Reagents Required But not Provided in the ADI Kit:

1. PBS, pH 7.4 for Dialyzing the conjugate (dissolve 0.26 g KH2PO4, 2.17 g
Na2HPO4.7H20, and 8.71 g of NaCl in 1L H20).

2. Dialysis bag (Cut off size <10,000 kDa)

3. DMF for dissolving Biotin

Procedure
1. Dialyze the protein to be coupled 1n 1X conjugation buffer (0.1 M

NaHCO3, pH 8.4) extensively. The protein concentration should be 1-10
mg/ml. If the protein is in pure form or in saline or in H20, it is possible
to adjust the pH by adding 10X conjugation buffer and omitting dialysis.
2. Dissolve biotin in DMF at 10 mg/ml before use. Add dissolved biotin
protein solution at a predetermined ratio to the protein solution slowly
under continuous mixing. A ratio of 1:10 (biotin:protein) may be used for
goat or rabbit antibodies. Mix it at room temp. for 1 h or overnight at
40C.
3. Dialyzed the biotin-conjugate extensively against PBS at 40C.
4, Add stabilizing buffer to the dialyzed conjugate (add 2 ml for each 500 ul
of starting protein volume).
5. The conjugate can be kept at 4 °C for up to 6 months. Avoid freezing and
thawing.
[0053] A typical nucleic acid sequence encoding avidin is provided in SEQ ID NO: 28.
A typical nucleic acid sequence encoding streptavidin is provided in SEQ ID NO: 29. A
typical amino acid sequence of avidin 1s provided in SEQ ID NO: 26. A typical amino

acid sequence of streptavidin 1s provided in SEQ ID NO: 27.

20



CA 02666336 2013-02-19

IV. Plasmids

[0054] A number of plasmids are suitable for expression of anchoring proteins, receptor
proteins and fusions of the same. Many plasmids are also available for integration of the
nucleic acids encoding these proteins into the yeast genome and for expression of the
coding sequence. Expression plasmids typically contain a promoter element for
expression of the nucleic acid encoding the protein. Expression plasmids may also
contain signal peptides and transit peptide sequences for fusion to coding sequences so as
to direct the expressed protein into the cellular transport machinery for export of the
protein to the cell surface. Boder, E.T. & Wittrup, K.D., "Yeast Surface Display for
Directed Evolution of Protein Expression, Affinity, and Stability," Methods in
Enzymology, 25:430-444 (2000) (hereinafter "Boder & Wittrup (1I)") reports construction
of the pCT302 plasmid. The pCT302 plasmid (shown in Figure 4) allows expression, of
a protein fusion to the Aga2p agglutinin mating protein. Expression is under the control
of the GAL 1,10 galactose-inducible promoter. Both the 5' flanking sequence (SEQ 1D
NO: 4) and 3' flanking sequence (SEQ ID NO: 5) of the promoter have been reported.
Boder & Wittrup (II) also reports methods for detection of protein anchored on the cell

surface through use of the reported plasmid.

[0055] Another plasmid useful for yeast cell surface display is the pYD1 Yeast Display
Vector Kit offered by Invitrogen. A map of pYD1 (SEQ ID NO: 6) is included as Figure
S. The polylinker of pYD1 (SEQ ID NO: 7) is included as Figure 6, and a restriction map
is included as Figure 7. According to Invitrogen, "pYD1 is a 5.0 kb expression vector
designed for expression, secretion, and display of proteins on the extracellular surface of

Saccharomyces cerevisiae cells. Features of this vector allow regulated expression,
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secretion, and detection of expressed proteins....". The vector contains the following

elements:

(a) AGA2 gene from Saccharomyces cerevisiae. This gene encodes one of the
subunits of the a-agglutinin receptor. Fusion of the gene of interest to
AGAZ2 allows secretion and display of the protein of interest.

(b) (GALI promoter for regulated expression of the AGA2 gene fusion.

(¢) Xpress™ epitope and V5 epitope for detection of the displayed protein.

(d) Polyhistidine (6xHis) tag for detection and possible purification on metal
chelating resin.

(€) TRPI gene for selection in Saccharomyces cerevisiae.

(1) CENG6/ARS4 for stable, episomal replication in yeast.

(g) Ampicillin resistance gene and the pUC origin for selection and
replication in E. coli.

Methods of preparation and use of the pYD1 plasmid are presented in "pYD1 Yeast

Display Vector Kit," Catalog No. V835-01, Version D, December 10, 2002, 25-0259,

Invitrogen.

V. Catalysts

[0056] A variety of catalysts are useful in embodiments of the invention. To be suitable
for use in the invention, catalysts should be able to be modified so that they are bound to

a ligand that will be tethered (for example, either adsorbed or bound) to a receptor
protein, which is in turn anchored to the cell surface. Ideally, catalysts should also not be

harmful to or destructive of the yeast cell. Catalysts may be inorganic or organic.
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[0057] For example, [{N,N'-Bis(3,5-di-tert-butylsalicylidene)1,2-cyclohexanediaminato(-
2-)}cobalt(2)] can be modified so that a glycan is attached on a side chain of the catalyst.
The appropriate lectin for this glycan 1s displayed on the yeast catalyst support. The
glycan-bearing cobalt catalyst and the lectin-displaying yeast support are mixed, allowing
the cobalt catalyst to adsorb to the yeast support. This immobilizes the cobalt catalyst on

the yeast, allowing the cobalt catalyst to be used in oxidation reactions.

[0058] A number of useful catalysts for oxidation and reduction reactions may be bound
to a ligand and tethered to a cell surface, particularly a yeast cell surface, as taught herein.
For example, a catalyst may be a transition metal, a nitroxyl radical, or a supported noble
metal. The following supported catalysts may be biotinylated according to methods
known to those skilled in the art and set forth herein, then tethered to an avidin- or
streptavidin-displaying yeast cell. The yeast cell would act as the support described 1n
cach case. Each catalyst 1s followed by a publication that describes that catalyst:
chloromethyl polystyrene resin-1,10-phenanthroline ruthenium (Kang, Q., et al.,
"Catalytic Oxidation of Alcohols with Polymer-supported Ruthenium Complex under
Mild Conditions," J. Organometallic Chem., 26:690 (2005)); poly(ethylene glycol)-
supported nitroxyl radicals of the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) family
(Ferreira, P., et al., "Catalytic Oxidation of Alcohols using Molecular Oxygen Mediated
by Poly(ethyleneglycol)-supported Nitroxyl Radicals," Applied Catalysis, 61:3-4 (2005))
and Ciriminna, et al., "Sol-gel Entrapped TEMPO for the Selective Oxidation of Methyl
a-D-glucopyranoside,”" Chem. Commun., 1441-1442 (2000); Rh6- and Os6- cluster
catalysts (Pomogailo, S. 1., et al., "Synthesis and Catalytic Properties of Polymer-

immobilized Noble Metal Clusters," PMSE Preprints, 93:945 (2005)); vanadium
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catalysts (Kirihara, M., ef al., "Aerobic Oxidation catalyzed by Polymer-supported
Vanadium Compounds," ITE Letters, 5(5): 479-482 (2004); manganese porphyrin
(Moghadam, M., ef al., "A Convenient Preparation of Polymer-supported Manganese
Porphyrin and Its Use as Hydrocarbon Monooxygenation Catalyst," J. Mol Catalysis,
217(1-2): 9-12 (2004); the Co(II) complex of bis(salicylideneethylenediamine) (CoSalen)
(Finashina, E.D., et al., "Oxidation of Catecholamines on Chitosan-immobilized Co(II)
Salen Complexes," Macromolecular Symposia, 204: 205-217 (2003); copper (ii) ions
(Owsid, L., ef al. "Immobilized Cu(Il) lons as the Oxidation Catalysts," Zeszyty Naukowe
Politechniki Slaskiej, Chemia, 146:113-116 (2001); homochiral palladium complexes
polymeric 2'-,6- and 6'-anchored 2-diphenylphosphino-1-1'-binaphthyl (MOP) ligands
(Hocke, H. & Uozumi, Y., "PS-PEG Resin-supported Palladium-MOP Complexes.
Application in Asymmetric n-allylic Reduction," Tetrahedron, 60(41): 9297-9306
(2004); oxazaborolidine (Franot, C., ef al., "A Polymer-bound Oxazaborolidine Catalyst:
Enantioselective Borane Reductions of Ketones," Tetrahedron.: Asymmetry, 6(11):2755-

66 (1995).

[0059] Multiple catalysts may be tethered to a single cell surface. If the cell bears only a
single type of receptor protein, then this may be accomplished by binding each catalyst to
1dentical ligands. For example, if the cell surface displays avidin, then two or more
distinct catalysts may be attached to separate biotin molecules. A similar result may be
accomplished by expressing more than one kind of receptor protein on the surface of a

cell, then providing different catalysts that are bound to different ligands; each ligand

may be designed to bind to a different receptor protein.
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Examples

[0060] The following examples are intended to guide those skilled in the art in the

practice of this invention.

Example 1

[0061] Example 1 provides amino sulfonamide ruthenium complex oxidation of sec-
phenethyl alcohol. The catalyst biotin complex is prepared by a method reported 1n J.
Collot, et al., J. Am. Chem Soc. 125 (2003). This complex is mixed with an avidin
displaying yeast in water to prepare the immobilized inorganic catalyst/yeast complex,
and the yeast is separated from any unbound catalyst by centrifugation. The oxidations
are carried out under the following conditions: nitrogen atmosphere at room temperature
for 90 hours: 62.5 millimoles of phenethyl alcohol, and 75 millimoles of tert-
butylhydroperoxide are mixed in a mixture of 500 ml of water and 100 ml of acetone. To
this mixture is added the immobilized complex which has 0.25 millimoles of the biotin
metalloenzyme complex . On completion of the reaction oxidized phenethyl alcohol 1s
observed. The yeast metalloenzyme complex is removed from the reaction mixture by

filtration or centrifugation.

Example 2

[0062] Example 2 provides biotinylated catalyst synthesis. Biotin (0.1 mol) 1s dissolved
in 90 mL of N, N-dimethylformamide at 60 °C. (One synthesis of the amide is reported 1n

S. Amslinger, et al., Tetrahedron 60 (2004) 11565-11569.) The solution 1s then cooled to
room temperature and 0.1 mol of N,N’-carbonyldiimidazole is added under nitrogen
(approximately 7 hours). Carbon dioxide evolution ceases when the reaction 1s complete.

An equimolar amount (0.1 mol) of the given NH,-R, where R is an appropriate catalytic
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site, 1s added in 125mL of DMF and stirred for 24 hours. For example, the NH,-R
compound could be amino-TEMPO (2,2,6,6-Tetramethyl-1-oxy-4-piperidinyl)amine.
DMF is then removed under vacuum at 60 °C and the product can then be purified by

flash chromatography, column chromatography or recrystallization.

Example 3

[0063] Example 3 reports construction of an avidin yeast cell surface display plasmid.
Truncated avidin DNA (SEQ ID NO: 41), encoding truncated avidin protein (SEQ ID
NO: 42) is made by 30 cycles of PCR amplification using the following primers:
Forward, CGAACTGGATCCTCTCCCAGAAAGTGCTCGCTG (SEQ ID NO: 30) and
reverse, CGGATCCTCGAGTCACTCCTTCTGTGTGCG (SEQ ID NO: 31) using a
chicken avidin ¢cDNA clone as a template for PCR. The amplified DNA 1s cut with
BamHI and Xhol and ligated into the vector pYD1 (Invitrogen) cut with BamHI and

Xhol.

[0064] The resulting clones are transformed into E. co/i and transformants are 1solated
and sequenced to verify the proper in frame fusion of avidin and the aga? protein. A
correct construct 1s then transformed into Saccharomyces cerevisiae EBY 100
(Invitrogen) using the Invitrogen S.c. EasyComp Kit for preparing competent S.
cerevisiae cells. The expression of avidin-Aga2 fusion protein is accomplished by
growing transformed cells in YNB-CAA medium containing 2% galactose for at least
about 4 hours according to the Invitrogen instructions. Cell surface display of the avidin

molecule is verified using biotin conjugated with a fluorescence molecule such as Atto

425-biotin, available from Fluka.
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Example 4

[0065] Example 4 provides TEMPO catalyzed oxidation of glucopyranoside. A
tempo/biotin complex 1s prepared by the method of Example 2. This complex is then
mixed with a suspension of yeast cells displaying the avidin protein to form the
immobilized Tempo complex; uncomplexed Tempo is separated from the yeast by
centrifugation. The complex 1s mixed with a aqueous solution of alpha methyl glucoside
(25mM) and NaOCl1 (50mM) at pH 10 and 2 °C. On completion of the reaction, alpha
methyl glucuronic acid 1s observed. The catalyst complex 1s easily separated from the
mixture by centrifugation. Further information on the TEMPO catalyst may be obtained,

for example, from R. Ciriminna, ef al., "Sol-gel entrapped TEMPO for the selective

oxidation of methyl-a-D-glucopyranoside,” J. Chem. Soc., Chem. Comm., 1441 - 1442

(2000).

Example 5

[0066] Example 5 presents coupled enzyme reactions. Biotinylated forms of glucose
oxidase and catalase are prepared as discussed above. These are mixed 1n a ratio of 6 U

of catalase to 1 IU of glucose oxidase. Yeast cells displaying avidin are added to this

mixture in an amount that absorbs all of the enzymatic activities. The catalytic complex

1s added to a 10% dextrose solution with the pH controlled at 6.0 at about 25 °C.
Aecration 1s applied for about 24 hours. Upon completion of this reaction gluconic acid 1s

observed and all of the hydrogen peroxide produced during the reaction will have been

degraded by the catalase. The catalyst complexes are easily recovered by filtration.

[0067] Further guidance on enzyme behavior and catalyst creation in general may be

obtained from M. T. Reetz, "Controlling the Enantioselectivity of Enzymes by Directed
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Evolution: Practical and Theoretical Ramifications," Proc. Natl. Acad. Sci. U. S. A., 101:
5716-5722 (2004), Wilson, M. E. and Whitesides, G. M., "Conversion of a Protein to a
Homogeneous Asymmetric Hydrogenation Catalyst by Site-Specific Modification with a
Diphosphinerhodium(I) Moiety", J Am. Chem. Soc., 100: 306-307 (1978); and C. M.

Thomas, ef al., "Aqueous Oxidation of Alcohols Catalyzed by Artificial Metalloenzymes

based on the Biotin-Avidin Technology," J Organomet. Chem., 690: 4488 (2005).

Example 6

[0068] Example 6 presents construction of a T/ bacteriophage with streptavidin
displayed on its surface. Truncated streptavidin DNA (SEQ ID NO: 43), encoding
truncated streptavidin protein (SEQ ID NO: 44), is made by 30 cycles of PCR
amplification using the following primers: forward,
GCGAATTCAGACCCCTCCAAGGACTCG (SEQ ID NO: 32) and reverse,
GCAAGCTTCTACTGCTGAACGGCGTC (SEQ ID NO: 33) and using Streptomyces

avidinii (ATCC 27419D) genomic DNA as a template.

[0069] The amplified DNA is cut with EcoRI and HindIII and ligated into Novagen’s

T7Select 10-3b EcoRI/HindIII vector arms supplied in the T7Select Cloning Kit from
Novagen. The ligation reactions are added to the T7 packaging extracts for 1n vitro
packaging according to the procedure supplied by Novagen. Various lclones arc selected
for sequencing and ones that had the proper fusion of the streptavidin gene to the T7

capsid protein 10B are selected for further work. Correct T7 phage with avidin displayed

on their surface were amplied and phage particles recovered.
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Example 7

[0070] Example 7 reports construction of a plasmid for display of streptavidin on the cell
surface of a strain of E. coli A truncated fadLL gene (SEQ ID NO: 40) is cloned by PCR
amplification using the following primers: forward,
GGAATTCATGGTCATGAGCCAGAAAACC (SEQ ID NO: 34) and reverse,
GCTCTAGAACGATTCTGTGCAGGAAC (SEQ ID NO: 35), and using E. coli

genomic DNA (ATCC 700926D).

[0071] This PCR product 1s cut with EcoRI and Xbal and cloned into pTrc99A cut with
EcoRI and Xbal to make a plasmid called pTrcFadL. The streptavidin DNA 1s made by
PCR using the following primers: forward, GCTCTAGAGACCCCTCCAAGGACTCG
(SEQ ID NO: 36), and reverse, GCAAGCTTCTACTGCTGAACGGCGTC (SEQ ID

NO: 33) and using Streptomyces avidinii (ATCC 27419D) genomic DNA as a template.

[0072] The streptavidin DNA is cut with Xbal and HindIII and ligated into pTrcFadL
digested with Xbal and HindIll. This produces a plasmid called pTrcFadL-streptavidin
(SEQ ID NO: 37) which 1s an inframe fusion of the fadLL gene product (SEQ ID NO: 40)
and the streptavidin protein. The plasmid 1s transformed into TOP10 E. coli competent
cells (Invitrogen) and selected on LB with ampicillin (100 mg/l). Individual colonies are
tested to determine 1f the expression of the steptavidin on the cell surface 1s achieved by
growing the transformed cells in LB with ampicillin (50mg/1) and isopropyl 3-D-1

thiogalactopyranoside (IPTG).

[0073] The cell surface display of the streptavidin molecule 1s verified using biotin

conjugated with a fluorescence molecule such as Atto 425-biotin (available from Fluka).

Correct E. coli with streptavidin displayed on the cell surface is grown in the presence of
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ampicillin (50 mg/l) and various concentrations of IPTG to make cells with streptavidin

displayed on their cell surface.

[0074] The start codon of the truncated fadlL gene used herein begins at base 8 of SEQ ID
NO: 39. Avidin and streptavidin used in this and other examples are truncated due to the
removal of peptide leader sequences. One skilled 1n the art would recognize, based on

the PCR primer sequences, that these proteins would be produced in truncated form.

[0075] The scope of the claims should not be limited by the preferred embodiments and
examples, but should be given the broadest interpretation consistent with the description
as a whole”. Those patents and publications discussed herein should be viewed as

indicative of the level of skill 1n the art, though no admission 1s made that any document

1S a prior art reference.
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We claim:

1. A catalytic material composition comprising:
a biological particle being a virion or cell having a surface;
an anchoring protein that includes an anchoring domain engaged with the surface;
a receptor protein fused to the anchoring protein and having a ligand binding domain
disposed from the surface;
a ligand bound to the ligand binding domain; and

a non-biological catalyst bound to the ligand.

2. The composition of claim 1 wherein a plurality of different receptor proteins are

bound to a plurality of anchoring proteins.

3. The composition of claim 1 wherein said biological particle 1s selected from the group

consisting of a yeast cell, a bacterial cell and a bacterial virion.

4. The composition of claim 3 wherein said virion is a bacteriophage selected from the
group consisting of: A phage, T4 phage, T7 phage, R17 phage, M13 phage, MS2 phage, G4

phage, P1 phage, P2 phage, N4 phage, &6 phage, and $29 phage.

5. The composition of claim 3 wherein said biological particle is a microorganism of a
genus selected from the group consisting of Escherichia, Corynebacteria, Brevibacteria,

Bacillus, Saccharomyces, Candida, Pichia, and Lactococcus.
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6. The composition of claim § wherein said microorganism is a yeast cell of the strain

Saccharomyces cerevisiae.

7. The composition of claim 1 wherein said biological particle is a yeast cell and said

anchoring protein and receptor protein comprise a yeast cell surface display system.

8. The composition of claim 7 wherein said yeast cell surface display system comprises
polypeptide components selected from the group consisting of a glycosylphosphatidylinositol
(GPI) anchor fused to a-agglutinin; a GPI anchor fused to an N-terminal region of a-
agglutinin combined with disulfide bonding of a C-terminal region of a-agglutinin on the cell
surface; a GPI-anchor fused to a C-terminal region of Flolp; and a N-terminal anchoring of

the tlocculation functional domain of Flo1p without GPI.

9. The composition of claim 1 wherein said receptor protein comprises a protein selected

from the group consisting of avidin and streptavidin; and said ligand is biotin.

10. The composition of claim 1 wherein said receptor protein comprises a lectin and said

ligand is a glycan that binds to said lectin.

11. The composition of claim 1 wherein said catalyst is selected from the group consisting
of [ {N,N'-Bis(3,5-di-tert-butylsalicylidene)1,2-cyclohexanediaminato(-2-) } cobalt(2)],
chloromethyl polystyrene resin-1,10-phenanthroline ruthenium, poly(ethylene glycol)-

supported nitroxyl radicals of the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) family,

Rh6- and Os6- cluster catalysts, vanadium catalysts, manganese porphyrin, the Co(Il)
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complex of bis(salicylideneethylenediamine), nitroxyl radicals, transition metals, copper (ii)
1ons, homochiral palladium complexes, noble metals, polymeric 2'-,6- and 6'-anchored 2-

diphenylphosphino-1-1'-binaphthyl (MOP) ligands, and oxazaborolidine.

12. A catalyst support composition comprising:
a biological particle being a virion or cell having a surface;
an anchoring protein that includes an anchoring domain engaged with the surface;
a receptor protein fused to the anchoring protein and having a ligand binding domain
disposed from the surface; and
a higand bound to the ligand binding domain, said ligand having a domain for

binding to a selected catalyst.

13. A method for catalyzing a chemical reaction comprising contacting a reactant for the
reaction with a catalytic material composition comprising a biological particle being a virion
or cell having a surface, an anchoring protein that includes an anchoring domain engaged with
the surface, a receptor protein fused to the anchoring protein and having a ligand binding
domain disposed from the surface, a ligand bound to the ligand binding domain, and a non-

biological catalyst bound to the ligand.

14. A method for making a catalyst support composition comprising displaying a non-

biological catalyst from the surface of a biological particle being a virion or cell.

15. The method of claim 14 wherein displaying the non-biological catalyst from the

surface of the biological particle comprises:

33



CA 02666336 2013-02-19

displaying at least one receptor protein on the surface of the biological particle by
providing a membrane spanning fusion protein comprising an interior anchoring
protein fused to exterior displayed receptor protein;

providing at least one non-biological catalyst molecule bound to a ligand; and

binding said ligand to said receptor protein to form the catalytic material

composition.

16. The method of claim 14 wherein said biological particle is selected from the group

consisting of a yeast cell, a bacterial cell and a bacterial virion.

17. The method of claim 16 wherein said virion is a bacteriophage selected from the group
consisting of A phage, T4 phage, T7 phage, R17 phage, M13 phage, MS2 phage, G4 phage,

P1 phage, P2 phage, N4 phage, ¢6 phage, and $29 phage.

18. The method of claim 16 wherein said biological particle 1s a microorganism of a genus
selected from the group consisting of Escherichia, Corynebacteria, Brevibacteria, Bacillus,

Saccharomyces, Candida, Pichia, and Lactococcus.

19. The method of claim 14 wherein said biological particle comprises a receptor protein

fused to an anchoring protein that 1s part of a yeast cell-display system.

20. The method of claim 19 wherein said yeast cell surface display system is selected

from the group consisting of a glycosylphosphatidylinositol (GPI) anchor fused to a-

agglutinin; a GPI anchor fused to a N-terminal region of a-agglutinin combined with disulfide
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bonding of a C-terminal region of a-agglutinin on the cell surface; a GPI-anchor fused to a C-

terminal region of Flolp; and a N-terminal anchoring of the flocculation functional domain of

Flo1p without GPI.

21. The method of claim 19 wherein said yeast display system comprises a recombinant
nucleic acid sequence that encodes said anchoring protein fused to said receptor protein
operably configured with a promoter sequence to express the anchoring protein fused to the
receptor protein in the yeast cell and with a transport sequences encoding a peptide domain
operable to transport the anchoring protein fused the receptor protein to the surface of the

yeast cell.

22, The method of claim 21 wherein the recombinant nucleic acid is integrated into a

chromosome of the cell.

23. The method of claim 1§ wherein said receptor protein is selected from the group

consisting of streptavidin and avidin; and said ligand is biotin.

24. The method of claim 15 wherein said receptor protein is lectin and said ligand is a

glycan that binds with said lectin.

25. The method of claim 15 wherein said catalyst molecules are selected from the group
consisting of | {N,N'-Bis(3,5-di-tert-butylsalicylidene)1,2-cyclohexanediaminato(-2-
)Ycobalt(2)], chloromethyl polystyrene resin-1,10-phenanthroline ruthenium, poly(ethylene

glycol)-supported nitroxyl radicals of the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
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family, Rh6- and Os6- cluster catalysts, vanadium catalysts, manganese porphyrin, the Co(II)
complex of bis(salicylideneethylenediamine), nitroxyl radicals, transition metals, copper (ii)
ions, homochiral palladium complexes, noble metals, polymeric 2'-,6- and 6'-anchored 2-

diphenylphosphino-1-1'-binaphthyl (MOP) ligands, and oxazaborolidine.
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: < ot e eai) ) Miﬂﬁ-‘.'}é S A NS, /////‘

GAL promoter AGA2Z  Xa HA (G4Shs  4.4-20scFy c-myc Term
-—--_—.—_-T_'-—-.-_—_—T__—'

Agalp-linker-scFv fusion ORF

~ N-terminal flanking sequence:

ATARRCACACAGTATGTTTT TAAGGACAATAGCTCGACGATTGAAGGTAGATACCCATAC
I NT Q Y VF KDNS S TIUEGIRY YU ?PVY -
Aga2p <~|-> Linker <~ |FPactor Xa‘]-»> HA

Patl/ |
: lef: : SGCAGGCTAGTUGTOETCETRC e -
DV PDYALO QA ASGS GG G-8 GG GG & -
epitope tag <-|-» Linkaer

Nhel/ - Aatll/
ETCETG GCTARCCACE ATGACTCAAACACCACTATCACTTICOCTETT
G GGG S ASDVVMTOTPIL SL PV -
<=|=> VL of 4-4-20 so¥v (SEQ ID NO:4)

C-terminal flanking sequence:

Xhol/ /BglIlI
OCTCAGRACAAAAGCTTY ARGAAGACTTGTAATAGCTCGAGATC
S 8§ EQ KL I S5 EZBDUL *(SEQ ID NO:5)~-
<~| |-> c-myc epitope tag <-|

Figure 4
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trangeriptional stan '—-—
Y20 AAACTOCATY AACCACTTITA ACIAATACTY TCAACRTTIYT CGUTTTOTYAT TACTICTITIAT TCAAATGTRA TAAKAGTIATC

r—m
¢00 AACAAARAAT TGTTAATATA CCTCTATACT TIAACGTCAA GGAGARAAMA CCCCGCRATCG GACTACTAGL AGCYGTAARTA

T7 promdtsiipriming siia Aga? sional peplide |

450 CCACTCACTA TAGGGARTAT TAAGCYRRYT CTACTTCATA CATITTICAAT TAAG ATG CAG TTA CTTY CGC IGY TI1T
Mot Gin Leu Leu Arg Cyp Phe

565 TCA ATA TTI7 TCY GTY ATT GCT TCR GTT TTRA GCA CAG GAA CTG ACA ACT ATA TGC GAG CAR ATC CCC

Sexr Ile Phe Ser Val Yle Ala Sexy Val Leu Ale,0ln Glu Lev Thr Thr Ile Cys Glu Gln Ile Pro
Ciegvege gle

€621 TCA CCA ACT TTA GAR TCOG ACG CCG TAC TCY TTG TCA ATG ACT ACT ATYT TG GCU MC GGG ARG GCTA
Ser Pro Thr Leu Glu Ser Thr Pro Tyr Ser Leuw Ser Thr Thr Thy 1le Leu Ala Asnh Gly Lys Ala

pYD1 Forward priming sle
rmm_—wmm‘
687 ATG CAA GGA GTT TTY GAA TAT TAC AM TCA GTA ACO TTT GTC ACGT AAT TGC GGY TCT CAC CCC TCA

Mat Gln Gly Val Phe Qlu Tyr Tyr Lys Ser Val Thr Phe Val Sexy Aon Cys Gly Ser Mis Pro Ser

End of Aga2 mature poplids m---’-.ﬁ”? I P ‘{r r,-_......__......................
183 ACA ACY AGC ARA GGC AGC CCC ARTA AAC ACA CAG TAY QIT TIT ARG CTT €TC CAG GLCT AGT GOY GGT
Thr Thr Ser Lys Qly Ser Pro Ile Agn Thy Gin Tyr Val Phe Lys Leu Lev Gln Ala Ser Gly Oy

Sar Linker h‘hgt
819 GCT GOT TCT GUT GGT GGCT CCT TCT GCT CCT GGT GCGT TCT GCT AGC AYG ACT CGT ©GCA CAG CAA ATC
Gly §)y Sex Gly Cly Gly CGly Ser Gly Gly Gly Gly Ser Als Scr Het Thr Gly Gly Gln Gin Met

885 GOT CGG GAT CTG TAUT GAC GAT GAC GAT AAG GTA CCA CGOA TOC AGT OTG GTIG GAA TIC TGC AGA TATY
Gly Arg Rsp Leu Yyr Abp Asp Asp Asp Lys  Val Pro Gly Sexr Ber Val Val Glu Phe Cys Rrg Tyr

Entarokinase recogntiioh glis  ~ Entarokinasa deavage slis
BsiX } Net ) Xho | Xb{l PsngMp{!Br?f V5 e
951 CCA GCA CAG TGUG 0OGG COG CIC GAG TCTI ACA GGG TCC TTC GARA GGT ARG CCT ATC CCT ARC CCT CIC
Pro Ala CGln Trp Arg Pro leu Clu Ser Arg Gly Pro Phe Glu Gly Lye Pro Ile Pro Asn Pro Leu

P | Pme |

S —- F__Mm!@____, ;

1037 CYC GCT CTC GAYT JCT ACG COY ACC GOT CATY CTAT CAC CAY CAC CAT YGA CGTTITA ARACCCGLTGA
Leu Gly Leu APp 5er Tht Arg Thy Gly Hia RBie Hip His His Hip *e»

'Y it ) Sl@l%mmé Bsﬁl(l Eu;R! Pslr

pYD! Revorze 34
1080 TOTCGATAACA ACKCTGTAGCA TGTAACARAA YCGACTTITGT TOCCACTGTA CTTTITAGCTC GTACARAATA CAARTATRCTY

1160 TTCAITTICIC CGTAAACAAC ATCTITITCCC ATGYAATATC CTITITCTATT ITTCGTTICOG TTACCAACTT TACACATACY
(SEQ ID NO:7)

* *The bwo Par | sites ore unique lo the multiple cloning site

Figure 6
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